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Selenium plays various biological functions in the form of selenoprotein in human body. Brain is one of
the most abundant organs of selenoprotein, which plays an important role in maintaining brain redox
homeostasis, signal transduction pathway regulation and neuroimmune regulation. Yet, nano-selenium
have attracted much attention for their high bioavailability and low toxicity. Nano-selenium are of great
application potential in field of biomedical nervous system. Recently, investigation on selenoprotein and
nano-selenium has gradually become a new hotspot for the important functions of selenium in human
nervous system. In this article, we wish to review recent progresses and give a perspective.
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1. Introduction

Selenium is the element being discovered by Sweden chemist
Jons Jacob Berzelius in 1818. It is named after Selene, the god-
dess of full moon in Greek mythology. Selenium-containing com-
pounds/materials have been widely employed for their unique bio-
and chemical activities [1-11]. It is an essential trace element for
human beings and animals. It is one of the eight scattered ele-
ments in the world. In China, more than 70% of regions are se-
lenium deficient [12]. Selenium deficiency may lead to various dis-
eases, including the brain diseases. It will cause irreversible dam-
age to human brain tissue. The human body can maintain the
selenium content in advanced central brain tissue by mobilizing
the selenium content in other tissues of the body [13]. Interest-
ingly, when selenium is supplemented to selenium deficient ani-
mals, most of the element preferentially enters the brain tissues
[14]. These phenomena indicate the significances of selenium for
maintaining the brain functions of both human beings and animals.
With the discovery of a series of selenoproteins and selenium-
containing materials, the biological function of selenium and the
effect and mechanism of selenium deficiency on the body have
been studied more and more deeply. It is found that selenium
can participate in many functions of the central nervous system,
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such as motor ability, physical coordination, brain memory and
cognition, showing that the element can play an important role
in brain signal transduction pathway (Fig. 1) [15]. Selenoproteins
in the body are essential for maintaining normal brain function.
The reduction of selenoprotein function will lead to brain cognitive
dysfunction and nervous system coordination disorder. Appropriate
selenium supplementation can alleviate the clinical symptoms of
some neurodegenerative diseases [16]. Moreover, selenium has also
been proved to be effective in antagonizing the toxicity of various
heavy metals and the damage of environmental toxins to the ner-
vous system [17,18]. Recently, the applications of selenium nano-
materials in nervous system afford additional opportunities for re-
search in the field. Investigations on the relationship of selenium
with health is booming. However, it should be noticed that exces-
sive selenium intake may be harmful for health. The Institute of
Medicine of the National Academy of Sciences stipulates that the
maximum intake of selenium per adult per day should not exceed
400 pg [19]. This paper aims to review the recent progresses and
give a perspective.

2. Selenoproteins in human nervous system

Selenoproteins are organoselenium compounds that widely ex-
ist in animals and plants. Brain tissue is one of the organs with
the most abundant selenium content in human body. In the cases
of lack of selenium in food, the selenium content and selenopro-
tein expression level of human liver, kidney, lung and other organs
will be reduced, but the higher selenium content and more sta-
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Table 1
Twenty-five selenoproteins [21,22].
Selenoprotein Features Distribution
GPx1 Antioxidant Cytoplasmic, mitochondrial
GPx2 Antioxidant Cytoplasmic, endoplasmic reticulum
GPx3 Antioxidant Secretion
GPx4 Antioxidant, prevent lipid peroxidation Cytoplasmic
GPx6 Antioxidant Unclear
TrxR1 Reduce sulfur oxygen proteins and other Cytoplasmic, nuclear
substrates
TrxR2 Reduce sulfur-binding and sulfur oxygen Mitochondrial
proteins
TrxR3 Testicular expression Cytoplasmic, endoplasmic reticulum, nuclear
DIO1 Thyroid hormone metabolism Film
DIO2 Thyroid hormone metabolism Endoplasmic reticulum, film
DIO3 Thyroid hormone decomposition metabolism Cell membrane, nuclear membrane
SPS2 Synthesis of selenoplasses Cytoplasmic
Sep15 Protein fold Endoplasmic network cavity
SelK Antioxidant, adjust calcium ion Endoplasmic reticulum
Selw May have antioxidant effects, may be related Cytoplasmic
to muscle growth
SelP Protein fold Secretion, cytoplasmic
SelR Antioxidant Cytoplasmic
SelS Protein fold, inflammatory response and Endoplasmic reticulum
regulating cytokine
SelN Protein fold Endoplasmic reticulum
SelM Protein fold Endoplasmic reticulum
SelH Nuclear kernel oxidative enzyme Nuclear
SelT Sulfur oxygen-oriented protein, participation Endoplasmic reticulum
in redox regulation and cell anchoring
SelO May be related to the redox reduction Unclear
Sell Participate in phospholipid biosynthesis Transport film
Selv Unclear Testis

Selenoprotein
229 Treatment
@ of human
nervous
system
diseases

\ N
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Fig. 1. Relationship of selenium with the human nervous system diseases.

ble selenoprotein activity level can be maintained in the advanced
central brain tissue, showing that the brain tissue has special ad-
vantages for selenium uptake. Transcription assays indicate that
neurons, astrocytes and small glial cells in the brain can express
a variety of selenoproteins. The areas with the highest content of
selenoprotein are the hippocampus, the sniffing area and the corti-
cal cerebellar cortex [20]. Selenium (majorly existed in selenocys-
teine form) is the active site of selenoprotein, which protects tis-
sues from oxidative damage by increasing their activity to scavenge
intracellular reactive oxygen species (ROS). Therefore, it has antiox-
idant function in the central nervous system. The reduction of se-
lenoprotein expression in the brain will cause irreversible damage
to neurons, leading to cognitive impairment, depression and anxi-
ety.

Twenty-five selenoproteins have been found in human body
(Table 1). Among them, selenoprotein P (SelP), selenoprotein M
(SelM), selenoprotein H (SelH), selenoprotein K (SelK), seleno-
protein R (SelR), selenoprotein W (SelW), glutathione peroxidase
(GPx), thioredoxin reductase (TrxR) and deiodase (DIO) play the

major function of antioxidant defense system in the brain [21,22].
The remaining selenoproteins include selenoproteins S (SelS), se-
lenoprotein N (SelN), selenoprotein T (SelT), selenoprotein O (SelO),
selenoprotein I (Sell), selenoprotein V (SelV), selenophosphate syn-
thetase 2 (SPS2) and 15-kDa selenoprotein (Sep15).

SelP is not only the key molecule of selenium transport, stor-
age and metabolism, but also the only selenium donor in brain tis-
sue. It transfers selenium into brain tissue through the apolipopro-
tein E2 receptor antibody of cerebral vascular endothelial cells
(ApoER2) to synthesize selenoprotein. In addition, SelP also has
antioxidant, heavy metal detoxification and neurotrophic effects.
Knocking out the gene that expresses SelP may lead to nerve dam-
age and even death [23].

SelM is a kind of endoplasmic network selenoprotein. It is ex-
pressed in various tissues of mice, and the expression level of SelM
is higher in brain [24]. Experiments on mouse neurons show that
it can play a role in calcium regulation and reduce the level of ROS
in the brain [25]. Over-expression of SelM can reduce the ROS level
and apoptosis, while low expression of SelM will lead to apoptosis,
in accordance with the results caused by the addition of hydro-
gen peroxide [25]. SelH, SelK and SelW also possess antioxidant
effects, and among them, SelW shows higher expression level in
brain [26]. SelW is a selenoprotein that is highly expressed in brain
and muscle. It plays an important role in maintaining neural cell
reduction homeostasis and synaptic plasticity.

Selenoproteins GPx1 and GPx4 are selenium proteases widely
present in brain tissue. With the decrease of their activities, the
sensitivity of brain tissue to oxidative stress injury reduces corre-
spondingly. It was also found that GPx4 can regulate the iron death
process [27]. Activation of the Nrf2/ARE pathway enhances GPx1
activity [28]. It can reduce the production of pro-inflammatory fac-
tors and NO, and relieve the pro-inflammatory response of oxida-
tive stress to the body. GPx1 can also resist acute oxidative stress,
reduce NADPH oxidase (NOX)-mediated excess ROS, reduce endo-
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Fig. 3. Redox cycle and biological function of thioredoxin system.

plasmic reticulum stress, and maintain the stability of the internal
environment [29]. In addition, GPx1 can mediate DNA methyltrans-
ferase 1 (DNMT1) expression, which plays an important role in al-
leviating DNA damage [30]. The relevant mechanisms are shown in
Fig. 2.

The reductive TrxR is beneficial for maintain the reduction state
of Trx with NADPH and further restore a lot of organism disul-
fide. As shown in Fig. 3, the thioredoxin system can adjust cell
redox balance. Thioredoxin reductase-1 (TrxR1) and thioredoxin
reductase-2 (TrxR2) are important members of the TrxR family. In
addition to their antioxidant functions, TrxR1 is also involved in
DNA synthesis and cell signal transduction, which is related to the
development of the nervous system [23].

SelR is a member of methionine sulfoxide reductase family. It
can reduce the content of methionine sulfoxide generated by me-
thionine residue oxidized by ROS [31]. The increase of methionine
sulfoxide level is considered to be closely related to neurodegener-
ation. In addition, the degree of oxidation and aggregation of me-
thionine at the 35™ position in amyloid B-peptide (AB) is related
to its cytotoxicity, indicating that SelR can significantly reduce cog-
nitive impairment. In the control experiments on wild-type control
mice, knockout of the gene of methionine sulfoxide reductase A
can lead to the neurodegenerative diseases, increased phosphory-
lation of TAU protein (microtubule-associated protein), loss of in-
tegrity of astrocytes and increased A precipitation [32]. Selenium
deficiency may reduce the activity of SelR and increase the content
of methionine sulfoxide, promoting the formation of AB small fiber
oligomer to accelerate the development of cognitive impairment.

3. Nano-selenium for human nervous system disease treatment

Nano-selenium is the Se(0) species appearing in gray, black
and red colors. The ones in gray or black color are powders in-
soluble in water and are bio-inactive. The freshly prepared nano-
selenium is in red color. It is unstable and easily inactivated [33].
The toxicity of nano-selenium may be relatively lower than that of
the selenium compounds. In short-term and long-term toxicity ex-
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Fig. 4. Diagram for the synthesis of nano-selenium.

periments in mice, nano-selenium showed less oxidative damage,
liver damage and less growth inhibition side effects than Na,SeO3
and selenomethionine [34]. Low dose nano-selenium also has the
effects of anti-tumor and immune regulation. Nano-selenium is
found to have a significant effect in cancer prevention and treat-
ment, and is expected to be practically applied in the field [35,36].
Nano-selenium can play an antioxidant effect by inhibiting apop-
tosis. It can be used to up-regulate anti-apoptotic protein Bcl-2
and to reduce apoptotic protein Bax. The permeability of the mi-
tochondrial membrane passage can be adjusted by nano-selenium
to inhibit the promotion of apoptotic protein, such as cytochrome
C, and this feature may be applied in the nervous system [37].

Early in 1997, bovine serum albumin (BSA) was employed as the
stabilizer to prepare red nano-selenium [38]. It is bio-available and
safe, and shows good antioxidant activity, which can significantly
improve the abnormal oxidative stress state of cells [39]. The par-
ticle size of nano-selenium can affect its biological activity and cell
uptake ability [40]. Therefore, it is important to choose the appro-
priate method to prepare the nano-selenium with appropriate size
and morphology. Presently, nano-selenium can be synthesized via
the chemical, physical and bio methods, and the chemical synthetic
methods are practical for the low cost and high efficiency (Fig. 4).
The aqueous solution of high valent selenium (such as H,SeO3 and
its salts) can be reduced by vitamin C, glutathione, etc., to gener-
ate the red nano-selenium [33], which can be stabilized via the
modification of the nano-selenium surfaces with polymers, car-
bohydrates, proteins, lipids and even medicines. The modification
reagents usually possess a lot of hydroxyl or amino groups, and can
lead to the stable electrostatic interaction with the nano-selenium
surfaces to prevent the aggregation of the particles, ensuring the
high dispersion and stability of nano-selenium. The release rate
of nano-selenium under different conditions can be adjusted by
changing the dosage and type of modification reagents, so as to
improve its bioavailability and bioactivity in human body [40].

In order to improve the stability of nano-selenium, people have
paid much effort and tried to modify the nano-selenium with car-
bohydrates [41]. Polysaccharides are usually employed to mod-
ify the nano-selenium, and the related materials can be obtained
via biosynthesis and chemical synthesis methods. In biosynthesis
methods, bacteria, fungi, yeast, algae and plants are employed as
the catalytic beds, while SeO32- is reduced by reducing enzymes
to produce the nano-selenium [42]. It was found that the surface
of the nano-selenium synthesized by the Bacillus paralicheniformis
SR14 was covered with a stable nuclear shell structure [43]. In
chemical synthesis methods, polysaccharides are usually employed
to reduce the high valent selenium species into nano-selenium.
They are also the stabilizers and dispersants for the system.

Brain nerve cells are vulnerable to oxidative damage caused by
ROS because of their high oxygen consumption, high content of
easily oxidized substrates, low content of antioxidant enzymes, and
high ratio of membrane surface area to cytoplasmic volume [44].
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Selenium is an important part of the brain’s antioxidant defense
system, and it can also improve the brain’s oxidative stress via the
regulation of Ca?t channels, mitochondrial dysfunction, etc. [45].
Through multi-target action, nano-selenium can effectively reduce
the oxidative stress state of the brain and delay the further patho-
logical changes and development of nervous system diseases.

Alzheimer’s disease (AD) is a complex progressive brain neu-
rodegenerative disease, and its pathogenesis is mainly on the
oxidative stress [45]. Chondroitin sulfate (CS) is a kind of gly-
cosaminoglycan possessing the neuroprotective effect. It can be
employed to stabilize nano-selenium to prepare the stable multi-
target selenium chondroitin nanoparticles (Se@CS). By reducing
ROS and malondialdehyde (MDA), the material can enhance the ex-
pression level of glutathione peroxidase (GPx) and reduce the dam-
age caused by oxidative stress. On the other hand, it restrains the
aggregation of amyloid B-protein and reduces the hyperphospho-
rylation of microtubule-associated protein tau to delay the devel-
opment of AD. Presently, the complex pathogenesis, the difficult-
to-overcome blood-brain barrier (BBB) and the development of the
disease course which cannot be prevented led to huge challenges
in the treatment of AD. Therefore, simple and easy-to-obtain sele-
nium quantum dots (SeQDs) with a multitarget therapeutic effect
were designed and prepared to overcome the issues. This new type
of SeQDs are ultrasmall in size and can quickly break through the
BBB. In vivo studies demonstrate that SeQDs can continuously ac-
cumulate in the brain after rapid passage of BBB and can quickly
alleviate AD, significantly improve the memory impairment of AD
mice, and improve their learning and memory ability [46].

Epilepsia is a kind of recurrent or unprovoked chronic neu-
rodegenerative disease, during which, ROS and the inactivation of
endogenous antioxidants will be produced in brain tissue. It was
found that oral taking 0.5 mg/kg nano-selenium in advance could
reduce oxidative stress by up regulating the expression of nuclear
factor (Nrf2) and heme oxygenase 1 (HO-1). The inflammatory re-
action and apoptosis cascade were also inhibited, while the du-
ration of rigidity, muscle spasm and generalized seizures in mice
were delayed after pentetrazol injection [47].

Nano-selenium was also successfully applied in the treatment
of the common ischemic stroke. Polyethylene glycol-stabilized
nano-selenium (0OX26-PEG-Se NPs) was designed targeting to the
monoclonal antibodies against cerebral capillary endothelial cells
(0X26), and it was effective targeting ischemic stroke in vivo [44].
Selenium activates transcriptional factor TFAP2C and SP1 to en-
hance the other genes in the GPx4 protein and the transcription
procedure (selenium group) to protect neurons. In the bleeding
brain stroke model, the single dose of selenium enters the brain
and it can promote the expression of antioxidant GPx4 protein,
protect the neurons, and improve the behavior of iron death (Fig.
5) [48]. This provides infinite possibilities for nano-selenium in
stroke treatment.

4. Selenium for human nervous system plumbism treatment

Lead widely exists in air, dust, soil, water and industrial prod-
ucts [49]. Since the lead absorption rate in gastrointestinal tract
of children is much higher than that of the adults, it may lead to
even more serious health problems for kids. Therefore, lead poi-
soning for children is a major public health problem in many coun-
tries [50,51]. In recent years, the researches on lead neurotoxicity
have attracted much attention. Among the effects of lead on hu-
man tissues and systems, the nervous system is the most seriously
affected [52]. Long term exposure to lead can cause irreversible
damage to learning and memory functions [53]. The blood lead
concentration exceeding 70 ng/L will damage the human central
nervous system, resulting in the decline of memory and learning
ability [54]. Lead is a strong neurotoxin, and due to the incomplete
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development of blood brain barrier in children, its neurotoxicity
is more prominent than that for adults [55]. Neurological symp-
toms and complications of lead poisoning include the acute cere-
bral disease, peripheral neuropathy, hearing loss and neurological
behavior defects, such as hyperactivity, developmental delay [56].
Indeed, animal experiments have confirmed that the inhibitory ef-
fect of lead poisoning on neuron continues from the development
period to adulthood [57]. It could also lead to the obvious increas-
ing of neuronal cell synaptic gap, the decreasing of postsynaptic
density, active zone length and interface curvature and the changes
in the expression of neural cell adhesion molecule (NCAM) protein
in hippocampal neurons leading to the neuronal apoptosis [58-60].

Lead poisoning is closely related to the balance of antioxidant
system in the body. The oxidative stress indexes such as super-
oxide dismutase (SOD), GPx, glutathione S-transferase (GST), cata-
lase (CAT), total antioxidant capacity (TAOC), nitric oxide synthase
(NOS) activities, and malondialdehyde (MDA) nitric oxide (NO), hy-
drogen peroxide (H,0,) and glutathione (GSH) contents are com-
monly used to evaluate lead-induced oxidative stress. By regulat-
ing mitochondrial dynamics and inhibiting the increase of apop-
tosis related genes, selenium can counteract the oxidative stress
and apoptosis of cells caused by lead [61]. Low level lead expo-
sure may inhibit the expression of neurocyte adhesion molecules
(NCAM) and change the activity of sialyltransferase, resulting in
the damage of formation and consolidation of learning and mem-
ory. For this process, selenium can reverse the reducing of NCAM
caused by lead and alleviate the neurotoxicity of the metal [60].
Therefore, selenium can reduce the content of lipid peroxides pro-
duced by lead on the body, alleviate the lipid peroxidation reac-
tion caused by heavy metals, and excrete it in a non-toxic form
through bile, so as to accelerate the excretion of lead, reduce the
accumulation of lead, and alleviate the oxidative stress caused by
the toxicity of the heavy metals [62].

Investigations on 324 workers exposing to lead confirmed the
effect of selenium on relieving lead poisoning [63]. The patients
were divided into two groups, i.e., the low selenium intake group
and the high selenium intake group. It was found that the con-
tents of 8-hydroxydeoxyguanosine (8-OHdG) and lipopolysaccha-
ride (LPS) and the activity of SOD in the serum samples of the
patients in high selenium intake group were obviously higher than
those of the patients in low selenium intake group. Contrarily, the
activities of GSH, GPx and catalase in the serum samples of the pa-
tients in high selenium intake group are significantly higher than
those of the patients in low selenium intake group. Spearman cor-
relation shows that the selenium level is positively correlated with
GPx activity and GSH levels [63].

Selenium has been widely reported in animals to alleviate the
toxicity of heavy metals through selenoprotein. Investigations on
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the effects of selenium on selenoprotein expression in chicken car-
tilage induced by lead indicated that selenium could alleviate the
decrease of GPx1, GPx2, GPx4, Txnrd2, Txnrd3, Diol, Dio2, SelT,
SelK, SelS, SelM, SelU, Sell, SelO, Sepn1, Sepx1, SelW and Sep15 in
chicken meniscus tissue caused by lead. It could also alleviate the
decrease of GPx2, GPx3, GPx4, Txnrd1, Txnrd2, Dio2, Dio3, SelT,
SelK, SelH, SelM, Sell, SelO, Selpb, Sepnl, Sepx1, Selw, Sep15 and
SPS2 in chicken bone sword tissue caused by lead. These results
demonstrate that selenium antagonizes the changes of selenopro-
tein expression caused by lead toxicity [64].

5. Conclusions and perspectives

In summary, selenium is an important trace element for brain
development and nervous system function maintenance. Seleno-
proteins are the main forms of selenium in human brain, and
they play important physiological roles. Nano-selenium can be em-
ployed for the treatment of a series of nervous system diseases,
such as AD, epilepsia and ischemic stroke. The heavy metal elimi-
nation features of selenium can be applied in the treatment of lead
poisoning of nervous system, which is caused by the lead pollution
and is especially harmful to children for causing mental retarda-
tion. Thus, investigations on the relationship of selenium with hu-
man nervous system are of both practical and theoretical values.

However, there are still some challenges in the field. For exam-
ple, the application scope of nano-selenium is not large enough,
and it is majorly limit in the academic research, other than the
practical applications. The investigation on the combined applica-
tion of nano-selenium and antioxidants is not deep enough. The
safeties of selenium materials need to be further clarified during
the clinical practices. Up to present, a series of effective selenium-
containing drugs have been developed for treating neurocognitive
dysfunction, but cognitive decline is multifaceted and the fact that
the toxicity of high doses of selenium may impede the develop-
ment of the related medicines.

Indeed, the toxicity of selenium containing drugs depends not
only on the dose of selenium, but also on the form of selenium.
The toxicity of inorganic selenium is significantly higher than
that of organoselenium species [65]. Fortunately, there have been
many methods for the synthesis of organoselenium compounds
owing to the rapid development of selenium chemistry during
the last decade [66-68]. Besides the chemical synthesis meth-
ods, selenium-enriched yeast can transform toxic inorganic sele-
nium into the absorbable organoselenium species for pharmaceuti-
cal applications [69]. Organoselenium compounds/materials can be
used as the nutrient enhancers [70,71] and they are ideal selenium
forms for the development of medicines [72,73]. The selenium con-
tent in plants and animals is greatly affected by the conditions. The
randomness of the process of selenium replacing sulfur makes the
content of selenium protein in plants and animals uncertain, which
also affects its development in pharmaceutical industry.

Development of the selenium-containing medicines for the
treatment of human nervous system diseases is unfolding and
has attracted much attention. For example, Ebselen is a synthetic
organoselenium drug molecule originally designed for GPXx mimic,
and the clinical trials of it were also being held. It is being inves-
tigated as a possible treatment for reperfusion injury and stroke,
hearing loss and tinnitus, bipolar disorder and Huntington’s dis-
ease [74-79]. Moreover, continuous efforts are been made for new
forms of organic selenium, inorganic selenium and their responsive
polymeric selenium and low-molecular weight selenium species,
which provide the foundation for the future research of selenium
and nervous system [80-90]. This field is of both challenges and
opportunities and deserves further investigations.
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